Hall ET, Sá RC, Holverda S, Arai TJ, Dubowitz DJ, Theilmann RJ, Prisk GK, Hopkins SR. The effect of supine exercise on the distribution of regional pulmonary blood flow measured using proton MRI. J Appl Physiol 116: 451-461, 2014. First published December 19, 2013 doi:10.1152/japplphysiol.00659.2013.-The Zone model of pulmonary perfusion predicts that exercise reduces perfusion heterogeneity because increased vascular pressure redistributes flow to gravitationally nondependent lung, and causes dilation and recruitment of blood vessels. However, during exercise in animals, perfusion heterogeneity as measured by the relative dispersion (RD, SD/mean) is not significantly decreased. We evaluated the effect of exercise on pulmonary perfusion in six healthy supine humans using magnetic resonance imaging (MRI). Data were acquired at rest, while exercising (ϳ27% of maximal oxygen consumption) using a MRI-compatible ergometer, and in recovery. Images were acquired in most of the right lung in the sagittal plane at functional residual capacity, using a 1.5-T MR scanner equipped with a torso coil. Perfusion was measured using arterial spin labeling (ASL-FAIRER) and regional proton density using a fast multiecho gradient-echo sequence. Perfusion images were corrected for coil-based signal heterogeneity, large conduit vessels removed and quantified (in ml·min Ϫ1 ·ml Ϫ1 ) (perfusion), and also normalized for density and quantified (in ml·min Ϫ1 ·g Ϫ1 ) (density-normalized perfusion, DNP) accounting for tissue redistribution. DNP increased during exercise (11.1 Ϯ 3.5 rest, 18.8 Ϯ 2.3 exercise, 13.2 Ϯ 2.2 recovery, ml·min Ϫ1 ·g Ϫ1 , P Ͻ 0.0001), and the increase was largest in nondependent lung (110 Ϯ 61% increase in nondependent, 63 Ϯ 35% in mid, 70 Ϯ 33% in dependent, P Ͻ 0.005). The RD of perfusion decreased with exercise (0.93 Ϯ 0.21 rest, 0.73 Ϯ 0.13 exercise, 0.94 Ϯ 0.18 recovery, P Ͻ 0.005). The RD of DNP showed a similar trend (0.82 Ϯ 0.14 rest, 0.75 Ϯ 0.09 exercise, 0.81 Ϯ 0.10 recovery, P ϭ 0.13). In conclusion, in contrast to animal studies, in supine humans, mild exercise decreased perfusion heterogeneity, consistent with Zone model predictions.
THE DISTRIBUTION OF PULMONARY blood flow is not uniform, and numerous studies confirm that, at rest, blood flow is higher in gravitationally dependent lung than in nondependent regions, reflecting a gravitational influence on pulmonary blood flow (31, 52) . This effect persists even after controlling for the distortion of the lung tissue by gravity (1, 27, 43) . The Zone model of pulmonary perfusion (41, 52 ) is a simple model that describes the distribution of blood flow. In this model, blood flow is dictated by the relationship between alveolar, pulmonary arterial, and pulmonary venous pressures, of which pulmonary arterial and venous pressures vary as a result of gravity. According to this model, in the most gravitationally nondependent lung, the difference between alveolar and pulmonary arterial pressure determines flow (Zone 1, generally not present in the normal lung). As pulmonary arterial pressure increases hydrostatically down the lung, flow is a function of the difference between pulmonary arterial and alveolar pressures, since pulmonary venous pressures are still very low (Zone 2). In Zone 3 pulmonary blood flow is a function of the differences between pulmonary arterial and pulmonary venous pressures. Zone 4 is also described where perfusion is reduced, possibly because of increased resistance in extra-alveolar vessels (30) . In supine posture, because of the limited vertical distance between the heart and the most nondependent lung, most of the lung is under Zone 3 conditions [although regions of Zone 2 and Zone 4 may also be present (1, 25, 27, 43) ]. Thus, in the supine lung, pulmonary blood flow largely resembles other organ systems whereby flow is dictated by the differences between pulmonary arterial and pulmonary venous pressures. More recently, it has been suggested that the Zonetype hydrostatic effects may occur as a probability distribution within an isogravitational plane (16) , with the frequency with which a particular hydrostatic zone occurs in a location having a gravitational dependence.
Exercise increases cardiac output and pulmonary vascular pressures (33) . If Zone model-type hydrostatic effects are important in determining the distribution of pulmonary blood flow during exercise, pulmonary blood flow heterogeneity would be expected to be reduced by the following mechanisms. First, exercise increases both pulmonary arterial and pulmonary venous pressure, which should recruit vessels and convert regions of Zone 2 lung (if present) into Zone 3. Second, under Zone 3 conditions, pulmonary arterial and venous hydrostatic pressures change in tandem with exercise and although driving pressure is similar across all of Zone 3, when pressures are low (such as at rest), the absolute pressure is greater in the most dependent portions of Zone 3 lung. This has the effect that the blood vessels in the dependent lung are more distended than in the nondependent lung. During exercise, increased overall hydrostatic pressures are expected to increase dilation of vessels not already maximally dilated and reduce perfusion heterogeneity resulting from any differences in vessel distension. Thus exercise is expected to decrease perfusion heterogeneity by dilation, recruitment, or by both mechanisms.
Exercise has been shown to redistribute blood flow to the dorsal caudal region (i.e., gravitationally nondependent) of the lung in most quadrupeds (4, 28, 37) . In humans undergoing upright exercise, limited data suggest that with exercise there is a relative increase in blood flow in the apical regions of the lung (2, 18, 38) , which is also the most gravitationally nondependent. Notably, however, the gravitational gradient in blood flow was not completely abolished with exercise in these studies. Possible mechanisms of the changes in blood flow distribution with exercise in both humans and animals include regional differences in the reactivity of the pulmonary vessels to exercise, differences in local vascular structure affecting how local resistances respond to exercise, or changes in pulmonary vascular pressures affecting Zone model-type hydrostatic behavior. However, in dogs (39) , horses (4) , and sheep (37) , perfusion heterogeneity is not decreased with exercise, leading some authors to suggest that this lack of change is more consistent with a structural determinant of pulmonary blood flow distribution rather than behavior ascribed to the Zone model-type hydrostatic effects. How the spatial heterogeneity of pulmonary blood flow is altered during exercise has not been previously reported in humans.
Therefore, the purpose of this study was to evaluate the effect of mild supine exercise on the spatial distribution of pulmonary blood flow. We hypothesized that exercise would result in increased overall perfusion to the lung, with an increase in perfusion to nondependent (anterior) lung. In addition, we hypothesized that the spatial heterogeneity of pulmonary perfusion would be reduced consistent with the predictions of Zone model-type hydrostatic effects of increased dilation and recruitment of blood vessels. To test this, we used a proton magnetic resonance imaging technique that allows for absolute quantification of regional pulmonary blood flow known as arterial spin labeling (ASL) (1, 7, 19, 26) to make measurements of the spatial distribution of pulmonary blood flow before, during, and after mild to moderate supine exercise.
MATERIALS AND METHODS

Subjects
This study was approved by the University of California, San Diego Human Research Protection Program. Six healthy subjects (4 men, 2 women) were recruited to participate. The subjects participated after providing written informed consent and undergoing screening with pulmonary symptom and MRI safety questionnaires. Subject descriptive data are given in Table 1 .
Study Design
To characterize the fitness and exercise capability of the subjects, subjects underwent a progressive incremental test on a cycle ergometer to determine their maximal oxygen consumption (V O2max). This took place at a preliminary testing session at least 1 day prior to imaging. In addition, the subjects were given an opportunity to practice exercising on the MRI-compatible ergometer (described below) during the preliminary testing session.
On the day of the MRI study, spirometry was performed prior to exercise. MRI images were obtained at three time points: 1) during supine rest (baseline rest), i.e., immediately prior to exercise, providing a preexercise baseline; 2) during exercise, after the subject had been exercising at their specified workload for 10 min, ensuring steady-state conditions (exercise); and 3) 10 min after cessation of exercise (recovery). Metabolic data [oxygen consumption (V O2), carbon dioxide production (V CO2), and expired minute ventilation, (V E)] were acquired continuously during imaging.
Preliminary Testing
The subjects performed a standard upright test of maximal oxygen uptake (V O2max, ParvoMedics TruMax 2400 system, Sandy, UT) using a progressive incremental test to fatigue on a cycle ergometer (Excaliber, Quinton Instruments, Groningen, The Netherlands). The starting workload was 25-50 W, depending on body size and sex, and the workload was increased by 25 W every minute until exhaustion, resulting in a test protocol that was 8 -12 min long.
Spirometry was performed in the standing position before imaging using an EasyOne spirometer (NDD Medical Technologies, Zurich, Switzerland). Data are reported in Table 1 .
MRI Imaging
The subjects were positioned in the scanner in a supine posture while breathing through a full face-mask (7400 series Oro-nasal Mask, Hans-Rudolph) equipped with a nonrebreathing valve (2600 series, Hans Rudolph). The outlet of the nonrebreathing valve was connected to a 6-m-long, low-resistance expiratory line, leading out of the scanner room to a metabolic cart (Parvomedics, Truemax 2400, Sandy, UT) to allow for measurement of metabolic data. The subject lay on the posterior element of an eight-channel cardiac coil, and the anterior elements were placed directly on the chest wall. Reference phantoms were placed on the anterior chest wall within the field of view of the scans, permitting absolute quantification of blood flow and lung density (20, 48) . The subject's feet were placed on the footplates of a MRI-compatible ergometer (LODE 937902, Groningen, The Netherlands) and the position adjusted for each subject's comfort. This ergometer provides stepping motion in the supine posture enabling exercise inside the scanner bore. For the resting measurements the subjects rested their legs on the scanner table and the subjects' feet were secured to the footplates immediately before commencing exercise. To prevent motion artifact the subjects' hips were secured to the scanner table using tubular nylon webbing. MRI data (all described below) were acquired on a GE 1.5-T EXCITE HDx TwinSpeed MRI system. MRI data acquisition was limited to the right lung to avoid imaging artifacts due to the presence of the aorta and the heart within the left hemithorax. Blood flow data (described below) were obtained in six adjacent 15-mm sagittal slices starting in the medial lung adjacent to the heart and progressing laterally. Proton density data were similarly acquired in the same six slices. For the blood flow imaging, the subjects gated their breathing such that data were acquired with brief suspension of respiration (ϳ1 s) at functional residual capacity (FRC), with each image acquired ϳ4 -5 s apart, resulting in near-normal respiratory rates. For the density images three slices were acquired during each of two ϳ9-s breathholds at FRC. Since imaging during exercise was expected to be technically challenging, blood flow and data were acquired from each slice in triplicate. The total duration of imaging for all three conditions baseline rest, exercise, and recovery was ϳ60 min for each subject. Heart rate, oxygen saturation, tidal volume, and expired gas concentration were continuously recorded.
After ϳ10 min of laying supine to establish a resting steady state, baseline resting pulmonary blood flow and lung density data were acquired. Then the subjects' feet were secured to the footplates of the ergometer and they began to exercise. The workload was gradually increased to the target intensity (Table 1 ) over 2-3 min. The selected light exercise intensity resulted in an ϳ3-fold increase in metabolic rate (Table 2 ). Once the target workload was reached and sustained for 10 min, the pulmonary blood flow and lung density data were again acquired for the exercise condition. Steady-state conditions during the exercise data acquisition were confirmed from real-time V O2 and V E monitoring using the metabolic cart. After the exercise data were acquired, the subject ceased exercising, rested for 10 min and the imaging was repeated to obtain the recovery data.
Pulmonary Blood Flow Imaging
Regional pulmonary blood flow was assessed using a two-dimensional ASL-FAIRER sequence with a half-Fourier acquisition single shot fast spin-echo (HASTE) imaging scheme. This has been described in detail (5, 27) and used in a number of studies by our group (19, 27) and is only briefly described here. Arterial spin labeling (ASL) exploits the capability of MRI to invert the magnetization of protons (primarily in water molecules) in a spatially selective way using a combination of radio-frequency pulses and spatial magnetic field gradient pulses. A pair of ASL images, a "tag" image and a "control" image, is acquired ϳ4 -5 s apart for each lung slice and subtracted to give a blood flow image. By inverting the magnetization of arterial blood, "tagged" protons in blood act as an endogenous tracer and provide a map of blood delivered to the imaging plane from one systolic ejection period (5, 20, 35, 36) . This technique has been validated in a lung phantom model (29) . Tag and control pairs of images were obtained in triplicate for each of six 15-mm-thick sagittal slices, and the highest quality images, as indicated by signal to noise ratio, and consistent lung volume between tag and control pairs as indicated by the position of the diaphragm, were selected for processing. Each subtracted blood flow map was processed and quantified individually. In the case of multiple satisfactory subtracted blood flow images for the same lung slice, the resulting data metrics (not the images) were averaged. The entire ASL acquisition, providing three tag and control pairs for each of the six lung slices, took ϳ3 min for each time point.
Imaging sequence parameters were: TI ϭ 500 -800 ms (based on subject's heart rate, and individually prescribed as 80% of the RR interval), TE ϭ 21.3 ms, field of view ϭ 40 cm, slice thickness ϭ 15 mm. The collected image matrix size was 256 ϫ 128 (reconstructed by scanner to 256 ϫ 256) giving voxels of 0.156 ϫ 0.156 ϫ 1.5 cm, or ϳ0.037 cm 3 . The HASTE imaging sequence had an interecho time of 4.5 ms and 70 lines of phase encoding, resulting in an image acquisition time of 315 ms.
Lung Proton Density Imaging
In addition to the ASL images, lung water density was calculated in the same sagittal slices using a fast multiecho gradient-echo sequence using the standard body coil on the scanner. This technique has previously been described in detail (48) . Imaging sequence parameters were TR ϭ 10 ms, flip angle ϭ 10 deg, slice thickness ϭ 15 mm, field of view ϭ 40 cm, receiver bandwidth ϭ 125 kHz, and a full acquisition matrix of 64 ϫ 64. These proton density images were acquired in three slices during a ϳ9-s breathhold. As a result, two separate breathholds were required to obtain density images for all six slices. Density images for each slice were obtained in duplicate. After data processing and quantification the average values of the two measurements are presented.
Coil Inhomogeneity
A multichannel torso coil was used to maximize signal-to-noise ratio for the measurements of pulmonary blood flow, and such images suffer from signal inhomogeneity, based on proximity to the coil elements. Paired lung density images from the torso coil were acquired during the preexercise resting baseline measurements and in recovery and used with the density images acquired from the body coil described above to correct for torso coil inhomogeneity in all acquired blood flow images on an individual subject basis as described (7, 32, 43) .
Image Processing
In some subjects, the most lateral lung slice contained largely chest wall and not lung. Where this was the case these images were discarded at all time points and for these subjects data are reported for five lung slices.
Quantification of regional lung density (in g/ml)
. The proton density image collected using the body coil (which has relatively homogeneous sensitivity across the lung, and therefore no coil inhomogeneity correction was needed) was normalized to the signal derived from the reference phantom to obtain regional lung proton (water) density in units of grams H 2O per milliliter lung (48) . This technique for quantifying regional lung density has been validated, showing a high correlation between measured MRI water content and gravimetric water content with R 2 ϭ 0.95, P Ͻ 0.0001 (23) .
Quantification of regional blood flow (ml·min
To quantify all blood delivered (comprising both that in large conduit vessels and also that representing perfusion in the capillary bed) to the imaging slice, the signal intensity was referenced to the mean signal and the T 1 and T2 of the reference phantom (T1 620 ms, T2 160 ms) (46) . This allowed blood delivered (in units of ml·min Ϫ1 ·ml Ϫ1 ; averaged over one cardiac cycle) to be calculated (20) for each ASL image (see Fig. 1 ). We applied a threshold based on previously published modeling studies of our technique to exclude large conduit vessels from analysis as described previously (8) with the result that the remaining flow largely represents capillary perfusion.
Density-normalized blood flow. After image acquisition, the lung density images were resized during postprocessing to match the voxel size of the subtracted ASL images (0.156 ϫ 0.156 ϫ 1.5 cm) using bilinear interpolation in MATLAB (The MathWorks, Natick, MA) and were corrected for coil inhomogeneity. Density-normalized blood flow expressed in units of milliliter per minute per gram water was calculated by dividing the image acquired by ASL, which has the units of milliliter per minute per cubic centimeter lung, by the image of lung density (in g H 2O/cm 3 lung). A mutual information-based technique that included translation and rotation was used to register the two images, and the ASL image was then divided by the density image on a voxel-by-voxel basis to give blood flow in milliliters per minute per gram using a custom-designed program in MATLAB. To the extent that regional lung density (tissue ϩ blood) is reflected by the water content, density-normalized blood flow then reflects blood flow in milliliters per minute per gram of lung.
Data analysis. After processing and quantification voxel-by-voxel data for density (g/cm 3 ) and blood flow (in both ml·min Ϫ1 ·cm Ϫ3 and ml·min Ϫ1 ·g Ϫ1 ) for the lung slices were compiled into composite datasets for each subject in the three conditions (baseline rest, exercise, recovery). To evaluate overall changes in lung density and blood Data are reported as means Ϯ SD. V O2, O2 consumption, V CO2, carbon dioxide production, V E, minute ventilation, RER, respiratory exchange ratio. *Significantly different from both rest and recovery, P Ͻ 0.0001; †signifi-cantly different from rest, P Ͻ 0.005 on post hoc testing.
Exercise and Pulmonary Blood Flow • Hall ET et al. flow at the three conditions, the mean values for the imaged lung for each subject were calculated. The total perfusion and lung water in the imaged volume of lung was calculated as the sum of the individual voxel values for water content (calculated from proton density) and perfusion.
The volume of the lung slices was divided into three gravitationally based regions of interest: dependent, middle, and nondependent, to allow for comparison between regions. This was done by pooling the data for each subject from all the sagittal slices into one data set for each condition and dividing them into equal vertical-distance thirds (nondependent, middle, dependent) based on absolute horizontal coordinates using the most dependent portion of the lung as the zero reference point. This approach results in the gravitational midzone (with the largest apical basal distance) having the largest number of voxels. Mean density and blood flow were then obtained for each of these regions at each condition. The vertical (gravitational) distribution of density and blood flow for each subject was averaged in 1-cm increments, using the most dependent portion of the lung as the zero reference point. The composite results for all six subjects was plotted to illustrate overall effects (Fig. 2) .
To characterize the spatial heterogeneity of blood flow, the relative dispersion, (also called the coefficient of variation) was calculated. This is defined as the standard deviation of the signal intensity divided by the mean signal. Relative dispersion provides a global measure of spatial heterogeneity where larger values indicate greater heterogeneity (11) . Relative dispersion was assessed in three ways. First the relative dispersion was calculated for the entire volume of imaged lung. Second, to assess changes in heterogeneity independent of any gravitationally based changes, an "isogravitational" relative dispersion was calculated. This was done by considering Fig. 2 . The effect of exercise on volume of lung imaged (A), proton density (B), perfusion (C), and densitynormalized perfusion (D). Data for each subject and each slice are grouped in 1-cm horizontal bins, using the most gravitationally dependent lung region in each subject as the zero reference point. For density, perfusion, and density-normalized perfusion, the error bars are the SD within each 1 cm bin for each individual subject, averaged between subjects, to show the extent of isogravitational heterogeneity. For volume imaged, the error bars are between-subject SD. Fig. 1 . Representative images of pulmonary blood flow at rest (A) and during exercise (B) for a single sagittal slice in one subject. The apex of the lung is to the right, and base of the lung is to the left. Large conduit vessels not representing perfusion are removed, in postprocessing. These images have been corrected for signal heterogeneity based on proximity to the torso coil elements.
the imaged lung volume as a series of horizontal sheets each one voxel in height. The relative dispersion in each sheet was calculated from the mean and standard deviation in the sheet, weighted by the number of voxels in the sheet relative to the total number of voxels in the imaged volume and summed to give the isogravitational relative dispersion for each subject. Third, a "gravitational" relative dispersion was calculated in the same fashion considering the volume of lung images as a series of vertical sheets one voxel wide.
Statistical Analysis
ANOVA (Statview, 5.0 SAS Institute, Cary, NC) for repeated measures was used to statistically evaluate changes in density, perfusion, and associated measures of heterogeneity over the exercise condition (3 levels: rest, exercise, and recovery). In addition, repeated-measures ANOVA was used to evaluate the gravitationally based regional differences. In this analysis there were two repeated measures, exercise condition (3 levels: rest, exercise, and recovery) and lung region (3 levels: nondependent, middle, dependent lung). Statistical results are reported for the main effects (exercise condition, lung region) and also for the interaction effect (exercise condition by lung region), which statistically tests the difference that the exercise condition has on the different lung regions. Where overall significance occurred, post hoc testing was conducted using a Student's t-test. All data are presented as means Ϯ SD; the null hypothesis (no effect) was rejected for P Ͻ 0.05, two tailed.
RESULTS
General Data
All of the subjects tolerated the study well. The general subject characteristics, maximal exercise capacity, and spirometry data are reported in Table 1 . The exercise required roughly 27% of the subjects' maximal oxygen consumption (V O 2max ). As expected, several physiological parameters changed significantly from rest to exercise (Table 2) : heart rate, oxygen consumption, carbon dioxide production, and expired minute ventilation all increased significantly (P Ͻ 0.001). There was no significant effect on respiratory exchange ratio (RER). After exercise, the subjects experienced a statistically significant decrease in heart rate, oxygen consumption, carbon dioxide production, and expired minute ventilation compared with exercise conditions (P Ͻ 0.001). Comparing preexercise rest and recovery, heart rate was significantly higher the recovery period than during preexercise rest (P Ͻ 0.01), but there were no significant differences in the other physiological parameters between preexercise rest and recovery.
Lung Volume
The volume of lung imaged as measured by the number of voxels in the images was highly reliable (R 2 ϭ 0.99) and varied Ͻ5%, indicating that our subjects were able to achieve a reproducible lung volume. The volume of the lung imaged increased from 834 Ϯ 175 ml at rest to 927 Ϯ 221 ml during exercise before returning to 837 Ϯ 191 ml in recovery (P Ͻ 0.005), suggesting that the lung volume at FRC was increased during exercise. Proton density. Mean density data for the whole right lung are given in Table 3 ; regional data are given in Table 4 and Fig. 2 ; and heterogeneity data in Table 5 . Averaged over the volume of lung imaged, mean lung density was not significantly different between the three conditions (P ϭ 0.12).
When the lung was divided into gravitational regions there was a lung region main effect for proton density (P Ͻ 0.001), reflecting the well-known gravitational difference in lung proton density such that the dependent lung has a higher density than the midlung or nondependent lung. Specifically, there were significant differences in lung density between nondependent and middle thirds (P Ͻ 0.005), nondependent and dependent lung (P Ͻ 0.001), and middle and dependent lung regions (P Ͻ 0.05). There was also a significant exercise by region interaction effect (P Ͻ 0.05), indicating that the different gravitational regions responded differently to exercise: there was no significant change in nondependent or midlung with exercise. However, the density in the dependent lung was reduced during exercise, likely reflecting a larger FRC lung volume during exercise.
) is a measure of perfusion per unit volume and does not take into account any underlying changes in lung tissue distribution that may occur. Perfusion data for the whole lung are given in Table 3 , and regional data are given in Table 4 and Fig. 2 . There were significant differences in the total perfusion to the imaged volume of lung with exercise reflecting a ϳ30% increase in perfusion (P Ͻ 0.0005). Mean perfusion increased from 3.7 Ϯ 1.2 ml·min Ϫ1 ·ml Ϫ1 at rest to 4.8 Ϯ 1.7 ml·min Ϫ1 ·ml Ϫ1 during exercise before returning to 4.1 Ϯ 1.3 ml·min Ϫ1 ·ml Ϫ1 after exercise (P Ͻ 0.01). Mean perfusion was significantly greater during exercise than either rest (P Ͻ 0.0001) or recovery (P Ͻ 0.005), and rest and recovery were not significantly different (P ϭ 0.09).
Mean perfusion was significantly different between lung regions (P Ͻ 0.005) and over the exercise conditions (P Ͻ 0.05) but the interaction effect of lung region and exercise condition was not significant (P ϭ 0.40), indicating that all lung regions behaved similarly. Perfusion was lower in the nondependent lung compared with the middle (P Ͻ 0.005) lung and in nondependent lung compared with dependent lung (P Ͻ 0.005). Values are reported as means Ϯ SD. ASL, arterial spin labeling. *Significantly different from both rest and recovery, P Ͻ 0.05; †significantly different from rest, P Ͻ 0.05 on post hoc testing.
Density-normalized perfusion (ml·min Ϫ1 ·g Ϫ1
). Mean density normalized perfusion data for the whole lung are given in Table 3 , and regional data are given in Table 4 and Fig. 2 . There was a significant increase in density-normalized perfusion in the imaged volume of lung with exercise from 11.1 Ϯ 3.5 ml·min
Ϫ1
·g
Ϫ1 at rest to 18.8 Ϯ 2.3 ml·min Ϫ1 ·g Ϫ1 with exercise and a reduction from exercise to recovery (13.2 Ϯ 2.2 ml·min Ϫ1 ·g Ϫ1 ) (P Ͻ 0.0001). Density-normalized perfusion was significantly greater during exercise than either rest or recovery (P Ͻ 0.0001), and there was also a small but significant increase in recovery (P Ͻ 0.05) compared with preexercise rest.
There were significant differences in density-normalized perfusion for lung region (P Ͻ 0.05), and exercise condition (P Ͻ 0.001), and a significant interaction effect (P Ͻ 0.05), indicating that the effect of exercise on density-normalized perfusion was different between lung regions. Density-normalized perfusion was significantly greater in the middle third compared with the nondependent lung (P Ͻ 0.05) and the dependent lung (P Ͻ 0.05). Density-normalized perfusion increased in all lung regions with exercise, but the change in nondependent lung was significantly greater: density-normalized perfusion increased by 110 Ϯ 61% in nondependent lung with exercise, compared with 63 Ϯ 35% and 70 Ϯ 33% in midand dependent lung (P Ͻ 0.005 and 0.05, respectively), which were not different from one another. In recovery, densitynormalized perfusion was not significantly different from preexercise rest except in the midlung, where it showed a small but statistically significant increase.
Heterogeneity of Perfusion and Density-Normalized Perfusion
Heterogeneity data for both perfusion and density-normalized perfusion are given in Table 5 and Fig. 3 . The overall relative dispersion of perfusion decreased significantly between rest and exercise, from 0.93 Ϯ 0.21 to 0.73 Ϯ 0.18 (P Ͻ 0.005), and increased from exercise to recovery (to 0.94 Ϯ 0.18, P Ͻ 0.005), but was not significantly different between rest and recovery (P ϭ 0.84). Relative dispersion of perfusion was significantly reduced during exercise in both gravitational planes (P Ͻ 0.0001), which did not differ in their response (exercise by orientation interaction effect P ϭ 0.47).
There was also a decrease in the overall relative dispersion of density-normalized perfusion with exercise from 0.82 Ϯ 0.14 to 0.75 Ϯ 0.09 and a small increase in recovery (to 0.81 Ϯ 0.10), but this was not statistically significant (P ϭ 0.13). The pattern of the change in the relative dispersion of densitynormalized perfusion was largely similar when the gravitational and isogravitational planes were compared and they did not differ significantly in their response (exercise by orientation interaction effect P ϭ 0.1). Values are reported as means Ϯ SD. Exercise ϭ exercise condition main effect; region ϭ lung region main effect; Exercise ϫ Region ϭ exercise condition by lung region interaction effect. *Significantly different from both rest and recovery, P Ͻ 0.05; †borderline significantly different from both rest and recovery, P ϭ 0.06; ‡significantly different from rest, P Ͻ 0.05; §significantly greater change from rest than middle or dependent lung, P Ͻ 0.05 on post hoc testing. Values are reported as means Ϯ SD. Isogravitational orientation is the horizontal (apical basal) direction in these supine subjects, whereas the gravitational orientation is the vertical direction (anterior-posterior). *Significantly different from both rest and recovery, P Ͻ 0.05 on post hoc testing.
DISCUSSION
In the present study the main findings were that mild supine exercise increased pulmonary blood flow particularly in the nondependent lung. In addition, in contrast to the previously described studies in animals, there was a reduction in the spatial heterogeneity of pulmonary blood flow as measured by the relative dispersion. This effect was present even when the influence of gravity on the measurement was eliminated. Thus these data suggest that dilation and/or recruitment of blood vessels in the lung occurs during mild exercise consistent with the predictions of Zone model-type hydrostatic effects.
Exercise Task
We chose a mild level of exercise, corresponding to what might be expected during an activity such as walking, for the following reasons. First, we wished to evaluate a level of exercise that would be sufficient to elevate pulmonary vascular pressures but that would not be at a level that has been shown to impair pulmonary gas exchange. The reason for this is that, although controversial, intense exercise is suggested to cause the accumulation of interstitial edema that could potentially affect the spatial distribution of pulmonary blood flow (reviewed in 24; discussed below) and thus could confound the results. Second, these studies were exceptionally technically difficult to conduct, because any excess motion of the torso within the bore of the scanner not only presented a problem for image registration, but also disrupted the cardiac gating and thus the quality of the data acquisition. This was minimized by extensive familiarization of the subject with the MR ergometer prior to scanning, and also by selecting a light workload. On average, our subjects exercised at an oxygen consumption that was slightly less than 1 l/min and 27% of V O 2max . This exercise intensity was enough to increase heart rate to 99 beats/min, and increase expired ventilation threefold and blood flow to the volume that we imaged by ϳ30%.
Lung Volumes and Lung Proton Density
In our study, the volume of lung sampled at FRC, as measured by the number of voxels in the lung region in the images, increased significantly during exercise, but was virtually identical to preexercise baseline in recovery. In the upright posture, even mild exercise decreases end-expiratory lung volume (21) and thus FRC (44) , but in supine posture this decrease in FRC is not seen (21) . During the acquisition of images our subjects were not free breathing but rather breathholding for brief periods (ϳ1-9 s depending on image type). Since during exercise, the stimulus to breath is greater because of increased CO 2 delivery to the lung (40) it is likely that our subjects simply increased their lung volume during the exercising breath holds to perceive the same sensory feedback (40) as the resting studies. Associated with this small increase in lung volume, there was a corresponding decrease in lung proton density affecting the most dependent lung. This is consistent with the known gravitational effects in the distribution of ventilation, whereby the dependent lung is expanded more easily than the nondependent lung (6).
Perfusion: Large-Scale Effects
In the present study we found a significant increase in overall perfusion with exercise, and in particular to nondependent lung, that was even greater when the changes in lung inflation were considered (Fig. 2) . This is consistent with Zone model-type hydrostatic effects with the largest dilation and recruitment of capillaries occurring in nondependent lung re- , top panels) and density-normalized perfusion (ml·min Ϫ1 ·g Ϫ1 , bottom panels). Data are shown for both the isogravitational (horizontal, left panels), and the gravitational (vertical, right panels) direction. The changes in the relative dispersion of perfusion were highly significant in both orientations (P Ͻ 0.0001 for both). The changes in the relative dispersion of density-normalized perfusion did not reach statistical significance (P ϭ 0.07 isogravitational, P ϭ 0.13 gravitational).
gions during exercise. This is because these regions have the lowest hydrostatic pressures at rest and thus are not already fully recruited and distended. It is notable that our results do not allow us to choose between the potential mechanisms of recruitment or distension.
Although we did not measure pulmonary vascular pressures in the present study, in normal subjects supine posture has been shown to increase mean pulmonary arterial pressure over that in the upright posture, from 13.6 Ϯ 3.1 to 14.0 Ϯ 3.3 mmHg (ϳ19 cmH 2 O) (33), with a corresponding increase in pulmonary arterial wedge pressure of ϳ2 mmHg to 8.0 Ϯ 2.9 mmHg (ϳ11 cmH 2 O). Since the heart is more or less in the middle of the thorax (9) and anterior-posterior distance of the lung in our subjects was Ͻ16 cm in all subjects, it is reasonable to assume that, at rest, the lungs of our subjects were largely under Zone 3 conditions, where both pulmonary arterial and venous pressure exceeded alveolar pressure. During light supine exercise, similar to that used in the present study, pulmonary arterial pressure (as measured by Swan-Ganz catheter) has been shown to increase to 19.4 Ϯ 4.8 mmHg and pulmonary arterial wedge pressure to 10.9 Ϯ 3.9 mmHg (33). It is likely that our subjects experienced similar pressure increases and these changes in pulmonary vascular pressure could explain the increase in perfusion we observed in the nondependent lung. These blood flow changes are consistent with studies in humans using xenon-133 that showed that for seated subjects (2) there is increasing blood flow to the apical (nondependent) lung with exercise. These findings have been confirmed by more recent studies in humans using krypton-81 dissolved in saline (18) and technetium-99 macroaggregated albumin (38) as markers for pulmonary blood flow. In addition, these changes are also consistent with morphometric studies that show that in dog lung increased perfusion pressure results in dilation and recruitment (10) of blood vessels and in particular the opening of previously unperfused capillaries in the nondependent lung (49) . In keeping with this idea, as seen in Fig. 4 , there was redistribution of water content, suggesting recruitment of intravascular volume with exercise. This change in water volume with exercise in nondependent lung approached but did not quite reach statistical significance (P ϭ 0.06, 2 tailed, Table 4 ).
Animal studies to assess blood flow distribution conducted using microspheres show conflicting results to the studies in humans. For example, at rest in horses there is more pulmonary blood flow to the dorsal (nondependent) regions than the dependent regions, which is not what would be expected from Zone model (22) prediction. This might be surprising given the large vertical distances in the horse lung, but the resting pulmonary vascular pressures are higher in horses (4) than in humans, perhaps balancing this out. Alternately it has been suggested that the branching geometry of vascular tree might play a role in the spatial distribution of pulmonary blood flow, such that the dorsal caudal region of the lung of quadrupeds is preferentially perfused (3). Pulmonary perfusion has been shown to be organized into clusters with high-flow regions adjacent to other high-flow regions and similarly low-flow regions adjacent to one another (13) . This suggests that the pulmonary circulation is a dichotomously branching network with the net result that blood flow is asymmetrically distributed at each bifurcation in a fractal pattern. A fractal pattern of perfusion is seen in many species including sheep (37), horses (45) , dogs (39) , and pigs (28) . Consequently the vascular branching structure might offset the effect of gravity on pulmonary blood flow in quadrupeds, facilitating a more gravitationally uniform flow. In isolated uniformly expanded dog lung (3) the vascular conductance for flow is greater in the dorsal lung region of dogs irrespective of posture, supporting this idea. In addition, the redistribution of blood flow to the gravitationally nondependent dorsal-caudal region in horses (4), pigs (28) , and in sheep (37) with exercise is also consistent, although the these changes are also predicted by Zone modeltype hydrostatic effects. In humans, pulmonary perfusion also follows a fractal pattern (34) ; however, since previous work in humans exercising in the upright posture showed redistribution of perfusion to the (most gravitationally nondependent) apexes and the present work showed redistribution to the anterior lung (also most gravitationally nondependent) this is more consistent with hydrostatic effects affecting flow in humans during exercise.
Perfusion: Medium-Scale Effects
Since vascular branching structure would not change with exercise, any heterogeneity due to vascular branching would also be expected not to change. Thus if vascular structure is a primary driver of the distribution of blood flow, although a large-scale redistribution in perfusion may occur with exercise, this would not be associated with changes in heterogeneity. This can be envisioned by imagining a box of black and white tiles, in a checkerboard pattern. If the tiles are then rearranged within the box, such that all the black tiles are on one side and all the white tiles are on the other, the spatial location of the tiles will change but the mean and standard deviation and thus the heterogeneity as measured by the relative dispersion will not. In horses (4), pigs (28) , and sheep (37) the relative dispersion of whole lung pulmonary blood flow heterogeneity is not significantly changed by exercise and is consistent with vascular structure having the predominant effect in determining blood flow distribution in these species.
Another possible reason for the differences between our study and the previous work in animals is that this may simply reflect a species difference in the pulmonary vascular response Total Water (g) Height from dependent lung (cm) Fig. 4 . The effect of exercise on lung water. As for Fig. 2 , data for each subject and each slice are grouped in 1-cm horizontal bins, using the most gravitationally dependent lung region in each subject as the zero reference point. The error bars are between-subject SD.
to exercise between humans who predominantly exercise upright, and quadrupeds with a horizontal lung orientation during exercise. Alternately this may be a result of different exercise intensities between our studies and the animal work. For example, the effect of exercise on the spatial distribution of pulmonary blood flow has been investigated in humans by measuring the spatial heterogeneity before and after very heavy exercise. In this situation the heterogeneity of pulmonary blood flow is increased (7). However, this very heavy exercise task is expected to have additional effects on the pulmonary circulation that potentially affect the distribution of pulmonary blood flow and increase heterogeneity: Starling's law is thought to apply to the lung microvasculature (see 47 for review). Exercise-induced increase in microvascular pressure, combined with a greater surface area for fluid filtration, are expected to increase fluid exchange between the lung vascular space and the interstitium (47) . Although controversial, interstitial edema has been suggested to affect the distribution of pulmonary blood flow and pulmonary gas exchange by creating perivascular cuffs acting to compress small blood vessels (reviewed in 24). Heavy exercise is associated with increased ventilationperfusion inequality and the distribution of pulmonary blood flow is more heterogeneous after prolonged heavy exercise (7), as would be expected from compression of small blood vessels. In the present study, since the exercise performed was very mild, it is not expected that this would occur. Alternately, the decrease in perfusion heterogeneity with exercise may represent a unique characteristic of the population of human subjects who participated in the present study.
Reconciling Zone model vs. vascular structure effects on perfusion distribution. The relative importance of Zone model hydrostatic effects and vascular structure on the distribution of pulmonary blood flow has been sharply debated (12, 14, 15, 50, 51) . The Zone model as classically described is based on the idea that the relationships between distensible vessels in the lung and alveolar and hydrostatic pressures dictate blood flow in a given Zone. If Zone model-type hydrostatic effects are an important influence on the distribution of pulmonary blood flow, exercise is expected to make pulmonary perfusion more spatially uniform, not only in the vertical direction by redistribution against the gravitational vector, but also affecting the overall heterogeneity of flow as vessels are recruited and distended. This is thought to happen in the upright lung, but in the supine lung, the lung is predicted to be largely in Zone 3, where the flow is dictated by the difference between pulmonary arterial and venous pressures. However, under Zone 3 conditions, all alveolar capillaries are recruited, and there is no heterogeneity within an isogravitational plane, as the hydrostatic effects are uniform within that plane.
It is well established that vascular branching structure is an important determinant of pulmonary blood flow (12, 22) , affecting flow in a manner that is independent of the effects of gravity on vascular hydrostatic pressures, and also accounting for isogravitational heterogeneity. Combined, both mechanisms, vascular branching structure and Zone-model type hydrostatics, would predict that the effect of exercise on pulmonary blood flow heterogeneity should be minimal: for Zone model-type hydrostatic effects because the only mechanism decreasing heterogeneity in Zone 3 would be further distension of already recruited vessels (affecting only heterogeneity in the gravitational direction) and for vascular structure effects because they are fixed and not affected by exercise. In the present study we found a significant decrease in perfusion heterogeneity with exercise as measured by the relative dispersion, consistent with Zone model-type hydrostatic effects affecting dilation and/or recruitment. This was true for the whole lung and was also true even when perfusion heterogeneity within an isogravitational (horizontal) plane was considered. Although the changes in the heterogeneity of density-normalized perfusion did not reach statistical significance (P ϭ 0.07-0.13) they were directionally similar to the changes in perfusion, albeit smaller in magnitude.
There is a unifying explanation for our findings that is consistent with both vascular structure and Zone model-type hydrostatic effects being important influences on pulmonary blood flow. It has been suggested that the Zones are best envisioned as a probability distribution within any given horizontal (isogravitational) plane (16) . If this is the case, variability in pulmonary vascular pressures within the plane, occurring as a result of vascular branching patterns, would result in more than one Zone within that plane (16) . This would allow for reduction of heterogeneity within an isogravitational plane by both recruitment and distension. It is notable that this idea does not preclude a gravitational effect as described in early studies (42) since a particular plane is expected to favor a gravitational Zone depending on vertical location and body orientation. In isolated dog lungs, recruitment of subpleural alveolar capillary segments has been shown to occur as capillary pressures are increased, but segments did not all open at the same pressure supporting this idea (17) . Thus the relative importance of Zone model-type hydrostatic effects might vary between species depending on the underlying vascular structure, particular to each species, and may explain the differences between the results of our study and the work in animals.
Limitations
Our measurement technique requires data acquisition during brief periods of suspended breathing (ϳ 9 s for density and ϳ1 s for perfusion), and tag and control pairs of ASL images (obtained 4 -5 s apart) must be registered to calculate perfusion. As well, density and perfusion images must be registered for the calculation of density-normalized perfusion. Although not an issue for resting data, during the technically demanding exercise portion of the study it is likely that any misregistration or movement between images may potentially affect the results. It should be noted that any images that are grossly misregistered (such as with different lung volumes during acquisition) would fail initial quality control and were not included in subsequent analysis. We modeled the potential effect of misregistration by artificially introducing progressive displacement between tag and control pairs of ASL images for distances up to 5 voxels (ϳ1 cm), which is larger than the upper limit of 3-4 voxels misregistration acceptable for quality control. On average, up to 1 cm misregistration increased perfusion heterogeneity by 6%, and thus cannot explain our findings of decreased heterogeneity during exercise. However, this may explain why the changes in the heterogeneity of density-normalized perfusion, which required two registration steps, were of borderline significance while the changes in perfusion were highly significant. Also, although our subjects showed reproducible lung volumes (correlation was R 2 ϭ 0.99), this may also introduce a small additional source of error into our measurements. We are able to sample only a portion of the right lung, and parts of the lung, in particular those that are close to the heart and great vessels, were not sampled in our study. This is because cardiac motion induces artifact into our measures and for this reason left lung was also not imaged. Our images of lung density only measure free protons (i.e., water), and the use of density normalization to account for distribution of tissue density in the lung may be incorrect if lung tissue is distributed differently from protons in the lung. Our subjects are imaged in supine posture, and thus the distribution of blood flow at rest and during and after exercise may not reflect the distribution seen in the upright posture, to the extent that pulmonary vascular pressures and airway pressures are altered by posture.
Conclusions
In the present study we found a redistribution of pulmonary blood flow to nondependent lung and a significant decrease in perfusion heterogeneity as measured by the relative dispersion with supine exercise, consistent with Zone model-type hydrostatic effects. The decrease in heterogeneity with exercise was seen even within an isogravitational (horizontal) plane. The results of the present study contrast with work in animals and suggest that hydrostatic effects on pulmonary perfusion consistent with Zone model effects act to dilate and/or recruit pulmonary blood vessels, thus reducing perfusion heterogeneity during exercise in humans.
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